INTRODUCTION
There has been great interest in the antitumor effects of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, better known as statins. Statins have been shown to improve lipid profiles and reduce cardiovascular morbidity and mortality. 1 There is now evidence that statins may have antitumor effects in a number of cancers, including prostate cancer. 2 To date, a number of observational studies have investigated the association between the use of statins and different prostate cancer outcomes, but with inconsistent findings. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Such discrepancies are likely a result of methodologic limitations, which included relatively small sample sizes, immortal time bias, 3, 5, 10 and no consideration of latency time windows between the first use of statins and prostate cancer outcomes. 5-10 Furthermore, none of these studies specifically assessed whether the use of statins before the prostate cancer diagnosis modified the association on the use of statins after diagnosis, because there is some evidence that prediagnostic use of statins may be associated with more favorable tumor characteristics. [12] [13] [14] Thus, the primary objective of this study was to determine whether the use of statins after prostate cancer diagnosis is associated with a decreased risk of prostate cancer mortality. Secondary objectives were to determine whether such use is also associated with a decreased risk of all-cause mortality and to assess whether prediagnostic use of statins modifies the association of these mortality outcomes.
Statin Exposure Assessment
We considered all statins on the United Kingdom market during the study period. These consisted of statins classified as hydrophilic (pravastatin and rosuvastatin) and lipophilic (atorvastatin, simvastatin, fluvastatin, and cerivastatin).
Use of statins after the prostate cancer diagnosis (ie, postdiagnostic use) was entered as a time-dependent variable in the models, allowing patients to move from a period of nonexposure to a period of exposure. Thus, patients were considered unexposed to statins up until the time of a first prescription and exposed thereafter for the remainder of follow-up. Furthermore, statin exposure was lagged by 1 year to take into account a biologically meaningful latency time window given that short duration exposures are unlikely to be associated with the mortality outcomes.
On the basis of the previous considerations, postdiagnostic statin exposure was expressed in the following three ways: ever use, cumulative duration of use, and cumulative dose. For the first approach, ever use of statins after the prostate cancer diagnosis was compared with never use up until the time of the event. For the second and third approaches, it was of interest to determine whether there was a dose-response relationship between statin use and cancerrelated and all-cause mortality. Cumulative duration of use was defined, in a time-dependent fashion, as the total number of months of statin exposure, calculated by summing the durations of all prescriptions between cohort entry and the time of the event. This variable was then classified into the following four categories: less than 12 months, 12 to 24 months, 24 to 36 months, and Ն 36 months of use. Similarly, for cumulative duration of use, patients identified as ever exposed to statins had their exposure expressed in units of defined daily dose (DDD), which is a validated measure from the WHO. 16 The DDD for the 30-mg formulation of simvastatin was used as the reference, and the DDDs for the other statins were used to convert each statin to 30-mg simvastatin-equivalent doses. Cumulative dose was then calculated by summing all DDDs up until the date of the event. This variable was classified into the following four categories: less than 365, 365 to 731, 731 to 1096, and Ն 1,096 DDDs.
Statistical Analysis
Descriptive statistics were used to describe the characteristics of the entire cohort and, separately, of patients exposed and unexposed to statins before prostate cancer diagnosis. Time-dependent Cox proportional hazards models were used to estimate hazards ratios (HRs) with 95% CIs of prostate cancer mortality and all-cause mortality associated with the ever use, cumulative duration of use, and cumulative dose of statins. For cumulative duration and dose, linear trend was assessed by entering the aforementioned categories of these variables as continuous in the models. All models were adjusted for a number of potential confounders measured before cohort entry including prediagnostic statin use (listed in Table 1 ), as well as prostate-specific antigen (PSA) testing activity (ie, number of tests performed), which was included as a time-dependent covariate in the models. Staging information was not included as a covariate because it was missing for approximately 90% of patients. Schoenfeld residuals were examined for the time-fixed covariates, and no significant departure from the proportional hazards assumption was detected.
Secondary and Sensitivity Analyses
In an exploratory analysis, we determined whether statin lipophilicity influenced the risk of prostate cancer outcomes, because lipophilic statins have been shown to be more potent in reducing prostate cancer cell migration and spread of metastatic prostate colonies. 17 For this analysis, users of statins were further classified into one of the following three mutually exclusive categories: use of lipophilic statins only, use of both lipophilic and hydrophilic statins, and use of hydrophilic statins only. We then performed two secondary analyses. In the first, we determined whether prediagnostic use of statins acted as an effect modifier of the association between post-treatment statin use and prostate cancer and all-cause mortality. Effect modification was assessed by including interaction terms between prediagnostic and postdiagnostic statin use in the models. In the second analysis, we determined whether postdiagnostic use of statins was associated with a decreased risk of distant metastasis. Finally, for the prostate cancer mortality analysis, we conducted a sensitivity analysis to account for competing risks as a result of death from other causes using the subdistribution hazards model proposed by Fine and Gray 18 adapted for time-dependent covariates.
19 All analyses were two-tailed tests based on ␣ ϭ .05 and were performed using SAS version 9.3 (SAS Institute, Cary, NC).
RESULTS
A total of 11,772 patients newly diagnosed with nonmetastatic prostate cancer met the study inclusion criteria (Fig 1) . The mean age at cohort entry was 71.3 years (standard deviation, 8.8 years), with a mean follow-up time of 4.4 years (standard deviation, 2.9 years). The corresponding incidence rates of prostate cancer mortality and allcause mortality were 34.8 per 1,000 per year (95% CI, 33.2 to 36.4 per 1,000 per year) and 67.9 per 1,000 per year (95% CI, 65.7 to 70.2 per 1,000 per year), respectively. Table 1 lists the characteristics of the entire cohort, as well as of the statin and nonstatin users, at baseline. As expected, statin users were more likely to have been smokers and obese (body mass index Ն 30 kg/m 2 ), had a higher prevalence of comorbidities, and were more likely to have used antidiabetic agents, antihypertensive drugs, and aspirin (Table 1) . Table 2 lists the results of the primary analysis. Use of statins after prostate cancer diagnosis was associated with a 24% risk reduction in prostate cancer mortality (Table 2) . A dose-response relationship was observed in terms of cumulative duration of use and dose, with the In an exploratory analysis, a 23% decreased risk was observed with lipophilic statins, and a 35% decreased risk was observed with hydrophilic statins (Appendix Table A1 , online only). Table 3 lists the results of the secondary outcome. Use of statins after diagnosis was associated with a 14% decreased risk of all-cause mortality (Table 3) , with the HRs gradually decreasing with longer cumulative durations of use and higher cumulative doses (Table 3) . Table 4 lists the results of the secondary analyses. The use of statins before prostate cancer diagnosis significantly modified the association between postdiagnostic use of statins and prostate cancer mortality (Table 4) , with greater risk reductions in patients who also used statins before diagnosis (HR, 0.55; 95% CI, 0.41 to 0.74). Doseresponse relationships in terms of cumulative duration of use and dose were observed but were more pronounced in patients who also used statins before diagnosis (Appendix Table A2 , online only). With respect to the secondary outcome of all-cause mortality, similar patterns were observed, with the strongest risk reductions in patients who also used statins before diagnosis, whereas the HR approached statistical significance for patients who did not use statins before diagnosis (Table 4) . A dose-response relationship was observed for all-cause mortality in patients who also used statins before diagnosis (Appendix Table A3 , online only). After accounting for competing risks as a result of other causes of death, the decreased risk observed between postdiagnostic use of statins and prostate cancer mortality remained statistically significant (HR, 0.87; 95% CI, 0.75 to 0.99; P ϭ .047). Finally, postdiagnostic use of statins was also associated with a decreased risk of distant metastasis (HR, 0.77; 95% CI, 0.68 to 0.88; Appendix Table  A4 , online only).
DISCUSSION
The results of this large population-based study of patients newly diagnosed with nonmetastatic prostate cancer indicate that the postdiagnostic use of statins is associated with a 24% decrease in prostate cancer mortality, with dose-response relationships in terms of cumulative duration of use and cumulative dose. The use of statins after prostate cancer diagnosis was also associated with a decreased risk of all-cause mortality and distant metastasis. Finally, the strongest risk reductions with postdiagnostic use of statins were observed in patients who also used these drugs before diagnosis, with more modest risk reductions in patients who initiated these drugs after diagnosis. Overall, the postdiagnostic use of statins was associated with a decreased risk in prostate cancer mortality. In a secondary analysis, however, the use of statins both before and after diagnosis was associated with a stronger risk reduction than initiation of those drugs after diagnosis. There are a number of possible explanations for the observed effect modification by prediagnostic use of statins. One possibility may be that compared with nonusers, prediagnostic statin users have more favorable tumor characteristics, 12-14 which would result in improved prostate cancer outcomes. However, this was not observed in our cohort, because prediagnostic statin users were slightly more likely to have higher Gleason scores (ie, Ն 8) compared with nonusers.
Another possibility could be that prediagnostic statin users are also those who have used these drugs for the longest durations, which is concordant with our observation that longer durations of use and higher cumulative doses are associated with the strongest risk reductions. Finally, patients initiating statins before prostate cancer diagnosis may be different from patients initiating after diagnosis. Specifically, it is possible that the latter group required statins as a consequence of certain treatments, such as androgen deprivation therapy, 20, 21 which is known to increase lipid levels. Androgen deprivation therapy is typically prescribed to patients with advanced prostate cancer, which despite statistical adjustments, would make statins seem to have more modest effects. Nonetheless, our findings suggest that the use of statins before and/or after prostate cancer diagnosis may reduce the risk of prostate cancer mortality.
The antitumor effects by statin use in prostate carcinogenesis have been demonstrated in a number of experimental studies. These studies have shown that statins can potentially decrease the risk of prostate cancer development and progression via a variety of mechanisms through its action on lipid metabolism. Statins decrease Abbreviations: DDD, defined daily dose; HR, hazard ratio. ‫ء‬ Adjusted for age, year of prostate cancer diagnosis, ethnicity, excessive alcohol use, smoking status, obesity, chronic kidney disease, myocardial infarction, ischemic stroke, transient ischemic attack, peripheral artery disease, previous cancers, prostate-specific antigen level, Gleason score, metformin, sulfonylureas, thiazolidinediones, insulins, other oral antihypoglycemic agents, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, calcium channel blockers, ␤-blockers, diuretics, other antihypertensive drugs, aspirin, other nonsteroidal anti-inflammatory drugs, 5␣-reductase inhibitors, prediagnostic statin use, prostate-specific antigen testing activity, prostatectomy, radiation therapy, chemotherapy, and androgen deprivation therapy.
†Based on an equivalent dose of 30 mg of simvastatin. Abbreviation: HR, hazard ratio. ‫ء‬ Adjusted for age, year of prostate cancer diagnosis, ethnicity, excessive alcohol use, smoking status, obesity, chronic kidney disease, myocardial infarction, ischemic stroke, transient ischemic attack, peripheral artery disease, previous cancers, prostate-specific antigen level, Gleason score, metformin, sulfonylureas, thiazolidinediones, insulins, other oral antihypoglycemic agents, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, calcium channel blockers, ␤-blockers, diuretics, other antihypertensive drugs, aspirin, other nonsteroidal anti-inflammatory drugs, 5␣-reductase inhibitors, prostate-specific antigen testing activity, prostatectomy, radiation therapy, chemotherapy, and androgen deprivation therapy.
cholesterol levels and may have antitumor effects on prostate cancer via their effects on cell proliferation, inflammation, membrane organogenesis, and steroidogenesis. 22 The decreased risk of prostate cancer mortality associated with the use of statins observed in our study supports the experimental evidence suggesting a potential antitumor effect of these drugs on prostate carcinogenesis.
To date, a number of observational studies have examined the association between statins and prostate cancer outcomes, with mixed findings.
2-11 Disease recurrence was the primary outcome in the majority of these studies, 8, 9 with two studies reporting null associations 8, 9 and the remaining studies reporting risk reductions ranging between 30% and 43%. [5] [6] [7] With respect to mortality outcomes, one study reported that statins were associated with 41% (HR, 0.59; 95% CI, 0.37 to 0.94) and 65% (HR, 0.35; 95% CI, 0.21 to 0.58) decreased risks on all-cause mortality in patients who underwent radiotherapy and radical prostatectomy, respectively. 10 However, the method of assessing statin exposure in that study introduced immortal time bias, 23 which may have exaggerated the potential benefits of this therapy. With respect to prostate cancer mortality, one study reported that statins were associated with a 65% risk reduction in lethal and fatal prostate cancer, 4 whereas another study observed no statistically significant reduction in prostate cancer mortality and all-cause mortality, 5 although the latter study was likely underpowered to investigate these outcomes. Although most of these studies assessed statin use at the time of the prostate cancer diagnosis, none specifically quantified the association with prostate cancer outcomes with use after diagnosis. This postdiagnostic use most resembles the expected benefits of these drugs in the adjuvant setting and thus could provide critical information for the design of randomized controlled trials assessing the effects of statins in patients newly diagnosed with prostate cancer.
This population-based study has a number of strengths and some limitations. To our knowledge, this is the largest study to have investigated the association between the use of statins and prostate cancer outcomes. Furthermore, with up to 15 years of follow-up, we were able to identify a significant number of patients, and thus, the study was well powered to investigate the two outcomes of interest. This study also considered latency, which was a methodologic shortcoming of the previous studies.
5 -11 Exposure misclassifications from the uncertainty of whether patients complied with the treatment regimen and the lack of information on prescriptions written by specialists are possible. However, these exposure misclassifications would dilute the HRs toward the null and thus underestimate the reduced risks observed in this study. Misclassifications with our primary outcome of prostate cancer mortality are also likely to have been minimal because, unlike other cancer types, prostate cancer mortality has been shown to be generally well recorded in death certificates ( ϭ 0.91). 24 Moreover, the overall prostate cancer mortality rate of 34.8 per 1,000 per year estimated in our study is concordant with the prostate cancer mortality rate previously reported in the United Kingdom. 25 Finally, linking the United Kingdom National Cancer Registry, CPRD, HES, and ONS databases allowed us to collect and adjust for a number of potential important confounders, including ethnicity, smoking, body mass index, prostate cancer treatments, and PSA levels. Unfortunately, it was not possible to adjust for tumor stage, because this information was missing for nearly 90% of patients in the United Kingdom National Cancer Registry and there were missing data on Gleason scores and PSA levels. Although these are important predictors of our outcomes, it is unclear whether they are confounders because they may not be associated with statin exposure. Furthermore, our analyses adjusted for prostate cancer therapies received, which are closely correlated to tumor characteristics. Another important consideration is the possible healthy-user bias previously described with statins users. 26 However, it is unclear whether better lifestyle habits would fully explain the 24% risk reduction in prostate cancer mortality and the dose-response relationships observed. Furthermore, statin users seemed to be less healthy than nonstatin users (ie, more likely to have been smokers and have a higher prevalence of comorbidities), which is a characteristic more likely to be associated with worse outcomes. Furthermore, the models were adjusted for prostate cancer treatments and PSA testing activity to minimize the potential bias of compliant statin users being more likely to seek aggressive treatments. Overall, adjustment for these variables did not materially affect the point estimates, although residual confounding may be present.
In summary, the results of this study indicate that the use of statins after a prostate cancer diagnosis is associated with a decreased risk of cancer-related mortality and all-cause mortality. These decreased risks were strongest in patients who also used statins before prostate cancer diagnosis, suggesting a possible effect of longer cumulative durations of use and higher cumulative doses. Finally, although the results of this study provide evidence that the use of statins may be associated with a decreased risk of prostate cancer mortality, additional well-conducted observational studies are needed to confirm these findings before launching randomized controlled trials assessing the effects of statins in the adjuvant setting. 
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